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ABSTRACT 


New specimens of the diminutive theropod dinosaur Microraptor zhaoianus are described. 
These specimens preserve significant morphological details that are not present or are poorly 
preserved in the holotype specimen, including aspects of the manus, pectoral girdle, dorsal 
vertebrae, ilium, and sacrum. These specimens were coded into a current matrix of theropod 
morphological characters. Microraptor is found to be the sister taxon to other dromaeosaurs. 
Dromaeosaurids are monophyletic and together with a monophyletic troodontid group form a 
monophyletic Deinonychosauria, which is the sister taxon to Avialae. Apparently small size 
is primitive for Deinonychosauria, which has implications for bird origins. 


INTRODUCTION 


Recently, Xu et al. (2000) described the 
smallest known non-avian theropod Micro- 
raptor zhaoianus. This description was based 
on an incomplete specimen, Institute of Ver- 
tebrate Paleontology and Paleoanthropology 
(IVPP) V12330, from the early Cretaceous 


rocks of Liaoning Province, China. This an- 
imal is exciting both because it is so small 
(about 55 cm long as an adult) and because 
of its phylogenetic position near the base of 
the Dromaeosauridae (Xu et al., 2000), a 
clade that is considered by many to have 
close affinities with avialans (Gauthier, 1986; 
Sereno, 1999; Norell et al., 2001). While di- 
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Fig. 1. Map of Liaoning Province showing 
the collection site of CAGS 20-7-004 and CAGS 
20-8-001. 


agnostic, the holotype lacks many important 
parts of the skeleton, including most of the 
manus, pectoral girdle, and dorsal vertebrae. 
Additionally, most of the ilium, the sacrum, 
and the dorsal and cervical vertebrae were 
either poorly preserved or not visible. Here 
we provide descriptions of two additional 
specimens of Microraptor zhaoianus that 
provide new skeletal data for this important 
taxon. 

The specimen slabs were collected by 
farmers from Qianyang—a small village ap- 
proximately 10 km southwest of the city of 
Yixian in Liaoning Province, China (fig. 1). 
The specimens are housed in the collection 
of the Chinese Academy of Geological Sci- 
ences (CAGS). Unfortunately, CAGS 20-7- 
004 was poorly prepared and covered with 
low grade shellac before it was acquired by 
the CAGS (fig. 2). CAGS 20-8-001 is much 
better preserved, although much of the skel- 
eton is missing (fig. 3). 

These specimens can be confidently re- 
ferred to Microraptor zhaoianus based on a 
number of diagnostic characters (Xu et al., 
2000). CAGS 20-7-004 has teeth that are ser- 
rated only on the posterior carinae and con- 
stricted between the crown and root and long 
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Fig. 2. Microraptor zhaoianus, specimen 
CAGS 20-7-004. View of entire mounted slab. 
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midcaudal vertebrae that are three to four 
times the length of the anterodorsal vertebrae 
(Xu et al., 2000). CAGS 20-7-004 also has 
large, strongly recurved pedal unguals with 
large flexor tubercles, a character considered 
by Xu et al. (2000) as diagnostic of Micro- 
raptor zhaoianus. However, such unguals oc- 
cur in all dromaeosaurs where these features 
are adequately preserved. CAGS 20-8-001 
displays an anterior accessory crest just distal 
to the lesser trochanter on the femur, and like 
CAGS 20-7-004 has long midcaudal verte- 
brae (Xu et al., 2000). 


MATERIAL 


CAGS 20-8-001 is made up of seven 
slabs, which have not all been split along the 
same planes (fig. 3). As a result, the dorsal 
surfaces of the pectoral girdle, forelimbs, 


Microraptor zhaoianus, specimen CAGS 20-8-001. View of all slabs and counterpart ele- 


trunk, pelvic girdle, proximal femora, and 
proximal caudals are exposed, while the ven- 
tral surfaces of the distal femora, tibiae, fib- 
ulae, pes, and distal caudals are exposed. The 
counterslab is available only for the midsec- 
tion of the body. Despite the multiple slabs 
on which the specimen is contained, it is well 
preserved and almost fully articulated. 

CAGS 20-7-004 is preserved as a single 
slab mounted on a plaster block with a few 
counterpart pieces preserved. The specimen 
iS semi-articulated; however, some elements 
like the lower jaws, lay near the edge of the 
slab. Relevant measurements are presented in 
appendix 1. 


DESCRIPTION 


SKULL 


Identifiable cranial remains are only 
known for CAGS 20-7-004, and these are 
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Fig. 4. 


limited to the two dentaries and splenials. 
The disarticulated dentaries lie in the slab 
with their labial surfaces exposed (fig. 4). 
The right dentary is complete, and has some 
surface breakage at its posterior end, but is 
otherwise well preserved. Only the posterior 
portion of the left dentary is preserved. In 
both dentaries, only posterior teeth are pre- 
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tary of CAGS 20-7-004. 


Detail of posterior teeth of right den- 


(A) ne and (B) left dentaries of CAGS 20-7-004 in labial view. 


served. These posterior teeth are very troo- 
dontid-like, as noted by Xu et al. (2000). The 
teeth have denticles only on their posterior 
carinae; these denticles are relatively large 
and point toward the tooth apices (fig. 5). 
There are approximately 8 denticles per mil- 
limeter, with an average basal denticle di- 
ameter of 0.1 mm, and a maximum basal 
denticle diameter of 0.12 mm. The denticles 
are not as sharply hooked or as triangular as 
those on the posterior carinae of some troo- 
dontid teeth; instead, they are more square 
and gently hooked, like those on the anterior 
carinae of some troodontid teeth (Currie, 
1987). The teeth of Microraptor are also 
constricted between the crown and root, giv- 
ing them the characteristic “‘waisted”’ ap- 
pearance of troodontid teeth. Unfortunately, 
because none of the anterior teeth have been 
preserved, Xu et al.’s (2000) description of 
completely unserrated anterior teeth in IVPP 
V12330 cannot be confirmed. The dentition 
of Microraptor is especially similar to that 
of the basal troodontid Sinovenator (Xu et 
al., 2002), which also has unserrated anterior 
teeth, posterior teeth serrated only on the 
posterior carinae, and denticles similar in 
size to those of dromaeosaurids. 

The teeth are closely packed, as in troo- 
dontids (Currie, 1987), and decrease in size 
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towards the back of the jaw (fig. 4). Eight of 
the last nine teeth are present in the right 
dentary; one tooth in the series is missing. 
Assuming that the posterior dentary teeth are 
about 150% wider than the anterior dentary 
teeth at the base of the crown (estimated 
from fig. 2 in Xu et al., 2000), there is room 
for approximately 10 more teeth in the an- 
terior of the right dentary. This suggests a 
total of 19 teeth in each dentary, more than 
in any other dromaeosaurid (see Currie, 
1995, for data and additional references). 

The dentaries are long and shallow as in 
other dromaeosaurs (Norell and Makovicky, 
in press), but relatively thick labiolingually. 
The tooth row is noticeably inset from the 
lateral margin of the dentary, as in Sinoven- 
ator (Xu et al., 2002). As in other dromaeo- 
saurids, the dorsal and ventral margins of the 
dentary are subparallel, tapering only slightly 
anteriorly (Currie, 1995). There are two rows 
of foramina on the labial surface of the den- 
tary: one below the dorsal margin of the den- 
tal shelf and one just above the ventral bor- 
der of the dentary. The upper row is com- 
posed of larger foramina. A posteroventrally 
extending flange drops from the posterior 
end of the dentary. The broken surface at the 
posterior of the right dentary reveals a fora- 
men on the lingual side of the dentary, which 
is either part of the internal mandibular fe- 
nestra or the posterior widening of the Meck- 
elian canal. The splenial is exposed on the 
lateral surface of the dentary as a long wedge 
caudal to the posteroventral corner of the 
dentary. 


VERTEBRAE 


Fifteen closely associated, or articulated, 
presacral vertebrae are preserved in CAGS 
20-8-001. Assuming 13 dorsal vertebrae as 
in other dromaeosaurids (Ostrom, 1969; No- 
rell and Makovicky, 1999), then two poste- 
rior cervical vertebrae are present, presum- 
ably the last two cervicals. 

The two posterior cervicals are preserved 
in dorsal view (fig. 6). These vertebrae are 
X-shaped. The neural spine is short and cen- 
tered on the neural arch. The vertebrae are 
anteroposteriorly short, and the centra do not 
extend past the anterior or posterior extent of 
the neural arch. The transverse processes are 
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Fig. 6. Posterior cervical vertebrae of CAGS 
20-8-001 in dorsal view. Anatomical labels for all 
figures are spelled out in appendix 3. 


reduced and are positioned just anterior to 
the midpoint of the neural arch. The distal 
ends of the prezygapophyses flare transverse- 
ly. The prezygapophyses spread widely from 
the midline and extend further laterally than 
the postzygapophyses. The postzygapophys- 
es are small and subcircular; small epipo- 
physes extend only to the midpoint of the 
dorsal postzygapophyseal surface. 

One cervical vertebra is preserved in 
CAGS 20-7-004 (fig. 7). It is identifiable as 
the last cervical vertebra because it is in ar- 
ticulation with the first dorsal vertebra. The 
left transverse process and zygapophyses are 
fragmented, but the centrum is well pre- 
served, and the right apophyses are intact but 
shifted posteriorly. The ventral surface of 
this vertebra is exposed, revealing a centrum 
wider at its anterior than at its posterior. The 
posterior end of the centrum extends more 
ventrally than the anterior, so that it is tri- 
angular in lateral view. The anterior inter- 
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Fig. 7. Cervico-dorsal transition in CAGS 20- 
7-004. Last cervical vertebra in ventral view, first 
dorsal in ventral view, and second dorsal in an- 
terior view. 


vertebral articulation is angled posteroven- 
trally from its dorsal margin, as in other dro- 
maeosaurids, and the posterior intervertebral 
articulation is more or less vertical. The par- 
apophyses are located on the ventrolateral 
corners of the anterior articulation. Two 
large, prominent carotid processes are locat- 
ed on the ventral surface of the centrum just 
medial to the parapophyses. A broad, shal- 
low sulcus runs between the two carotid pro- 
cesses along the ventral length of the cen- 
trum. The transverse processes appear pneu- 
matic, with one large fossa opening into 
each. The edge of the transverse process 
overhangs this fossa. On the uncrushed right 
side, a relatively thick bar of bone, which is 
probably one of the struts that supports the 
transverse process, can be seen extending 
dorsally to the posterolaterally directed 
postzygapophysis. 

The probable first dorsal of CAGS 20-8- 
O01 is covered for the most part by the pre- 
ceding cervical, so all that can be seen is that 
it has small postzygapophyses and epipo- 
physes identical to those of the preceding 
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cervical. No transverse processes are visible, 
indicating that this may be the last cervical, 
not the first dorsal. The area around the cer- 
vico-dorsal transition is crushed, so exact 
identifications are difficult. The next three 
dorsals are also crushed and lie at a junction 
between two slabs of the specimen. It can be 
seen that the transverse processes are large 
and pronounced, unlike in the cervicals, and 
that the neural spines are taller and longer. 

CAGS 20-7-004 provides more informa- 
tion about the anterior dorsals. The first dor- 
sal, which is articulated with the cervical de- 
scribed previously, is also embedded in the 
matrix with its ventral surface exposed (fig. 
7). It is narrower in cross section than the 
cervical, and the centrum is constricted mid- 
length. The first dorsal has a ventral midline 
keel as in the anterior dorsals of other dro- 
maeosaurids, but it is unusual in that no large 
hypapophysis is present on the anteroventral 
surface of the centrum (Makovicky, 1995). 
The parapophyses are very low on the cen- 
trum, positioned slightly ventral to mid- 
height. The second dorsal is in association 
with the first dorsal but is rotated with re- 
spect to the first dorsal so that it is visible in 
anterior view (fig. 7). The transverse pro- 
cesses and prezygapophyses are missing. Its 
anterior intervertebral articulation is sub- 
triangular, and it also does not have a large 
hypapophysis. Xu et al. (2000) coded hypa- 
pophyses as present in the holotype, and all 
other dromaeosaurs have hypapophyses of 
varying morphology (Norell and Makovicky, 
in press). Consequently, the absence of hy- 
papophyses in CAGS 20-7-004 may be due 
to the poor preservation of the specimen. The 
prominent parapophyses, which have capit- 
ular articulations set on robust stalks, are in 
contact with the neural arch but still partly 
on the centrum, which confirms that this ver- 
tebra is the second dorsal (Makovicky, 
1995). 

The last nine dorsals (presumably the 5th 
through the 13th) of CAGS 20-8-001 are ar- 
ticulated and extremely well preserved in lat- 
eral view (fig. 8). There are no hypapophyses 
present on the anterior dorsals in the articu- 
lated series, but hypapophyses are not ex- 
pected beyond the fourth dorsal. The trans- 
verse processes of the fifth, sixth, and sev- 
enth dorsals slant posterodorsally, whereas 
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those on the remaining dorsals, while still di- 
rected posteriorly, are more or less horizon- 
tal. The transverse processes also become 
shorter posteriorly along the series. Unlike 
Velociraptor mongoliensis (Norell and Ma- 
kovicky, 1999) and Deinonychus antirrhopus 
(Ostrom, 1969), there are no pneumatic fo- 
ramina present on any of the articulated dor- 
sals, neither on the centra nor invading the 
transverse processes. Dorsals 8 through 13 of 
CAGS 20-7-004, which are split longitudi- 
nally and preserved on slab and counterslab, 
confirm that the centra of the posterior dor- 
sals are solid, with no pneumatic divisions. 
The small parapophyses are set on short 
stalks as is typical for dromaeosaurs (Norell 
and Makovicky, 1999, in press) and are lo- 
cated on the neural arch, level with the bases 
of the prezygapophyseal hypantra. The po- 
sition of the parapophyses does not change 
throughout the series. The centra are elon- 
gated relative to those of other dromaeosaur- 
ids, being approximately twice as long as 
they are tall. As a result, the neural spines of 
these dorsals are also relatively elongate, be- 
ing square rather than bladelike as in other 
dromaeosaurids. This feature was not noted 
by Xu et al. (2000), but it is diagnostic of 
Microraptor zhaoianus. Neural spine height 
increases slightly posteriorly along the series. 
The distal or dorsal surfaces of the neural 
spines are not expanded for the insertion of 
the interspinous ligament as has been ob- 
served in Velociraptor mongoliensis (Norell 
and Makovicky, 1999), but are straight (flat) 
as in other dromaeosaurs. The anterior and 
posterior faces of the dorsals have a rugose 
rim. The ventral surfaces of the dorsals are 
uniformly concave throughout the series. The 
neural arches are completely fused to the 
centra. The prezygapophyses have well-de- 
veloped hypantra; due to the articulation of 
the dorsals and their orientation with only the 
lateral surfaces exposed, the development of 
the postzygapophyseal hyposphenes cannot 
be determined. The zygapophyses of each 

Fig. 8. Articulated dorsal series of CAGS 20- _—_ dorsal are short, barely overlapping the cen- 
8-001 in right lateral view. tra of the preceding and succeeding verte- 
brae. In CAGS 20-7-004, the fourth through 
seventh dorsal vertebrae are exposed in dor- 
sal view and show a slight variation in their 
zygapophyses. The anteriormost vertebra in 
the series, the fourth dorsal, has subcircular 
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pre- and postzygapophyses that are directed 
slightly anterolaterally and posterolaterally, 
respectively. By the seventh dorsal, the zyg- 
apophyses have become slightly more elon- 
gate and square, and are parallel to each oth- 
er. The last dorsal was probably not fused to 
the sacrum, as it is disarticulated from the 





Fig. 9. Sacrum of CAGS 20-8-001 in dorsal view. 
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first sacral vertebra in CAGS 20-8-001 and 
is still articulated to the 12th dorsal (fig. 8). 

The sacrum is preserved in dorsal view on 
the slab on CAGS 20-8-001 (fig. 9). The 
preacetabular blades of the ilium cover the 
anterior sacrals, but judging from the length 
of the visible sacrals, there are either five or 
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six sacral vertebrae as in other adult dro- 
maeosaurs (Norell and Makovicky, in press). 
The neural spines of the anterior sacrals are 
coossified into a thin continuous lamina run- 
ning longitudinally along the midline of the 
sacrum. The posterior half of the neural spine 
of the last sacral is broken, but the lamina 
continues onto the anterior half of the last 
sacral, suggesting that the neural spine of the 
last sacral was fused to those of the others. 
Where the dorsal edges of the ilia have been 
broken away, the fusion of the transverse 
processes of the last two sacrals to the ilia is 
evident (fig. 9). The transverse processes are 
broadly expanded distally; the anteroposte- 
rior distal length of the last pair of transverse 
processes is equal to the longitudinal length 
of the last sacral vertebra. The zygapophyses 
of the sacral vertebrae are fused but do not 
form as prominent a ridge as seen in Velo- 
ciraptor mongoliensis (Norell and Makov- 
icky, 1997). The extent of fusion between the 
sacral centra is unknown due to the orienta- 
tion of the sacrum in the slab, but it is prob- 
ably extensive, based on the extent of fusion 
visible in other parts of the sacrum. 

The entire articulated tail, which is 
wrapped in the extremely long, bony, rodlike 
extensions of the prezygapophyses and chev- 
rons typical of dromaeosaurids, is present in 
CAGS 20-8-001; unfortunately, it is pre- 
served on five different slabs, and segments 
have been lost and contacts between the slabs 
are not confluent (fig. 1OA, B). The entire tail 
of CAGS 20-7-004 is also preserved, but the 
first three caudals are disarticulated from the 
rest of the rod-bound tail and scattered near- 
by (fig. 1OC). Xu et al. (2000) counted 24 or 
25 caudal vertebrae in the holotype and con- 
sidered a tail with fewer than 26 vertebrae to 
be a diagnostic character of Microraptor, but 
there are approximately 26 caudal vertebrae 
in both CAGS 20-7-004 and CAGS 20-8- 
OO1. If Xu et al.’s (2000) count is correct, 
then Microraptor shows the same one or two 
vertebra (e) variation in caudal length seen 
in different specimens of Archaeopteryx lith- 
ographica (Wellnhofer, 1974, 1992, 1993). 

In CAGS 20-8-001, the first caudal ver- 
tebra appears to be incompletely fused to the 
last sacral, but its transverse processes do not 
articulate with the ilia (figs. 9, 11). The an- 
terior caudals are short, with broad transverse 
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Fig. 10. Tails of the Microraptor specimens. 
(A) Anterior caudal vertebrae of CAGS 20-8-001 
on slab. (B) Remainder of caudal vertebrae of 
CAGS 20-8-001 on counterslab. (C) Caudal ver- 
tebrae of CAGS 20-7-004. Note the rodlike ex- 
tensions of the prezygapophyses and chevrons 
that surround and stiffen both tails. 
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processes that point posteriorly and neural 
spines that span the entire length of the neu- 
ral arch (the height of the spines is indeter- 
minate, as their distal ends are embedded in 
the counterslab). The prezygapophyses are 
approximately three times as long as the 
short postzygapophyses and overlap about 
one-third of the preceding vertebra. The pre- 
zygapophyses diverge laterally from the mid- 
point of the vertebrae, while the postzyga- 
pophyses are subparallel. The postzygapo- 
physes taper to a blunt point posteriorly. The 
first two caudals in CAGS 20-7-004 are also 
visible in dorsal view, and they are both 
missing the elements dorsal to the centrum, 
so the morphology of the centra is evident 
(fig. 12A). The centra are rectangular in dor- 
sal view and slightly expanded transversely 
at both ends. The right lateral surface of the 
third caudal in CAGS 20-7-004 is exposed. 
Its centrum is slightly constricted midlength 
and is longer than those of the preceding two 
caudals. Visible at the anterior intervertebral 
articulation is a sharp beveling of the ventral 
margin to form chevron facets, as in Velo- 
ciraptor mongoliensis (Norell and Makov- 
icky, 1997) and Deinonychus antirrhopus 
(Ostrom, 1969). The prezygapophyses 
stretch slightly past the anterior surface of 
the centrum but do not display the extreme 
elongation seen in the distal caudals. The 
prezygapophyses are directed dorsally and 
taper distally. The transverse processes, in 


lateral view, do not extend past the posterior 
margin of the centrum and appear more or 
less parallel to the dorsal surface of the cen- 
trum. 

The transition from short anterior caudals 
to elongate posterior caudals begins at the 
sixth caudal in CAGS 20-8-001 (fig. 11). It 
is at this point also that the tail starts shifting 
its orientation in the slab, becoming visible 
laterally. The sixth caudal is the last to bear 
transverse processes and is intermediate in 
length between the elongate seventh caudal 
and short fifth caudal. The hyperelongate, 
rodlike extensions of the prezygapophyses 
and chevrons reach anteriorly as far as the 
third caudal, but elongation of both these el- 
ements begins around the sixth caudal; the 
orientation of the tail in the slab makes it 
difficult to tell where vertebral elongation 
starts. That the sixth caudal is the first to bear 
elongate prezygapophyses is corroborated by 
CAGS 20-7-004; in this specimen, the first 
chevron is situated between caudals 5 and 6, 
which suggests that caudal 6 is the first to 
have elongate prezygapophyses (fig. 12B). 
Thus, roughly three-quarters of the tail has 
elongated prezygapophyses, which is also 
true of Deinonychus antirrhopus (Ostrom, 
1969), in which elongation begins at caudal 
10. The Deinonychus antirrhopus tail has 
36—40 vertebrae. 

In both specimens, the distal caudals are 
preserved in lateral view, with thick bundles 
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Fig. 12. Details of the tail of CAGS 20-7-004. (A) Anterior caudal vertebrae in various orientations. 
(B) Middle caudals in lateral view and isolated mid-caudal chevrons of CAGS 20-7-004 in dorsal view. 
(C) Bent distal portion of tail, showing snapped and disturbed caudal rods. 
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of caudal rods hiding the prezygapophyseal 
bases from view and the chevrons visible 
only as thickened wedges among the ventral 
set of rods (fig. 12B, C). In CAGS 20-7-004, 
two isolated mid-tail chevrons are exposed in 
dorsal view (fig. 12C). The main body of the 
chevron is roughly rectangular in this view 
and dorsally convex. Unlike the chevrons in 
Deinonychus antirrhopus (Ostrom, 1969), 
these have paired, extremely elongate pos- 
terior extensions in addition to their anterior 
extensions. The posterior extensions are 
shorter than the anterior ones and do not ap- 
pear to bifurcate, but are at least three times 
the length of the body of the chevron. The 
posterior caudals are very long and have a 
smooth ridge along the midline of their lat- 
eral surfaces. The longest caudal is the sixth 
in CAGS 20-7-004 and the ninth in CAGS 
20-8-001, fairly close to the proximal end of 
the tail. In both specimens, centrum length 
gradually decreases distally from the longest 
caudal. 

The tail of Microraptor appears not to 
have the flexibility displayed by the tail in a 
specimen of Velociraptor mongoliensis 
(IGM 100/986), which is preserved in an S- 
shaped curve (Norell and Makovicky, 1999). 
The part of the tail wrapped by the caudal 
rods is completely stiff and straight in both 
the holotype (Xu et al., 2000) and CAGS 20- 
8-004. In CAGS 20-7-004, the distal end of 
the tail is bent laterally, but the caudal rods 
in this area do not follow the curvature of 
the tail as they do in IGM 100/986 (Norell 
and Makovicky, 1999). The caudal exten- 
sions have snapped and sprung apart at the 
apex of the bend, and they protrude stiffly 
from the vertebrae to which they are an- 
chored (fig. 12D). The increased stiffening 
effect of the caudal rods would be expected 
to be greater at the smaller body size/mass 
of Microraptor than at the larger body size/ 
mass of Velociraptor. The mechanical 
strength of the bone in the caudal rods would 
remain essentially the same per cross-sec- 
tional area at all sizes, but due to allometry, 
the relative force exerted on the caudal ver- 
tebrae would decrease as vertebral mass in- 
creased, since mass scales with volume, not 
area. Thus, at the larger body size of Veloci- 
raptor, the caudal rods would generate less 
tension on the tail vertebrae, allowing for 
more flexibility in the tail. 
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RIBS 


Dorsal and gastral ribs are splayed around 
the articulated dorsal vertebrae of CAGS 20- 
8-001 (fig. 13). The heads of the dorsal ribs 
are buried under the vertebrae, so the exact 
nature of the rib facets is unknown in this 
specimen. The expanded proximal portion of 
each rib is grooved longitudinally, and the 
proximal end of each rib tapers to a sub-mil- 
limeter width. The longest ribs are associated 
with the fifth through seventh dorsals; the 
ribs decrease in length as expected posteri- 
orly along the series. Uncinate processes are 
preserved in their original positions among 
the ribs (fig. 14A, B). Xu et al. (2000) were 
not definitively sure that uncinates were pre- 
sent in the holotype. The uncinate processes 
have fan-shaped proximal ends and distally 
tapering shafts. They span three ribs each at 
an angle of approximately 55° and are not 
fused to the ribs to which they articulate. In 
life, the tapered ends of the uncinate pro- 
cesses would have pointed posterodorsally 
towards the spinal column. The visible gas- 
tralia appear to be single elements and are 
presumably the lateral gastral segments. 
These gastral segments are fairly long, about 
equal in length to the posterior dorsal ribs 
and longer than the sternal ribs. 

CAGS 20-7-004 provides more informa- 
tion about the morphology of the ribs. A cer- 
vical rib, which touches the right side of the 
last cervical vertebra but is not in its correct 
articulated position, is typical of many coe- 
lurosaurian taxa (Makovicky, 1997). It is 
double-headed and broadly triangular proxi- 
mally, with a blade that is shorter than the 
centrum of its associated vertebra (fig. 15A). 
An associated rib of the second dorsal has a 
very elongate capitular process and short tu- 
bercular process (fig. 15B). The rib shaft is 
short, as expected for a pectoral rib. The as- 
sociated ribs of dorsals 4 through 7 are lo- 
cated nearby, and while they are not articu- 
lated with the vertebrae, they do appear to 
retain their original spacing and relative po- 
sitions. These ribs have the longer shaft 
length and shorter capitular processes ex- 
pected of mid-thoracic ribs (fig. 15C). Two 
uncinate processes identical in morphology 
to those in CAGS 20-8-001 are articulated 
with these ribs (fig. 14C). They also span 
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three ribs each but are angled at about 70° 
relative to the ribs, broader than the 55° angle 
seen in CAGS 20-8-001. 

Uncinate processes have so far been defin- 
itively reported in only two other dromaeo- 
saurids: Velociraptor mongoliensis (Paul, 
1988; Norell and Makovicky, 1999) and 
NGMC 91, a recently described indetermi- 
nate dromaeosaurid that is very similar to Si- 
nornithosaurus (Ji et al., 2001). The process- 
es are most obviously preserved in the 
‘Fighting Dinosaurs’? specimen of Veloci- 
raptor (Kielan-Jaworowska and _ Barsbold, 
1972; Unwin et al., 1995). In this specimen, 
the uncinate processes are much longer than 
those in Microraptor, spanning four ribs each 
at an angle similar to that observed in CAGS 
20-8-001. 


PECTORAL GIRDLE 


The beautifully preserved pectoral girdle 
of CAGS 20-8-001 provides most of the in- 
formation about this region (figs. 16, 17). 


Both scapulocoracoids are preserved in 
oblique dorsomedial view (fig. 16). The L- 
shaped scapulocoracoid is similar in mor- 
phology to that of basal avialans Archaeop- 
teryx (Wellnhofer, 1992, 1993) and Confu- 
ciusornis sanctus (Chiappe et al., 1999) and 
to that of Sinornithosaurus milleni (Xu et al., 
1999). The scapular blade is long and strap- 
like but shorter than the humerus. The acro- 
mion is prominent but not laterally everted 
to a great extent. There is a deep fossa ven- 
tral to the acromion on the medial face of the 
scapula. Just anterior to the acromion, the 
coracoid is strongly inflected medially, giv- 
ing the scapulocoracoid its distinctive “‘L” 
shape. The angle between the scapula and the 
coracoid in the dorsal plane is approximately 
105°. The angle between the scapula and the 
coracoid in the dorsal plane is not reported 
for the three taxa listed above. However, the 
angle between the scapula and coracoid in 
the dorsal plane can be estimated for Con- 
fuciusornis from Chiappe et al. (1999: fig. 
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Fig. 14. Detail of uncinate processes. Pro- 
cesses from the (A) right and (B) left sides of the 
rib cage of CAGS 20-8-001. (C) Processes from 
the left side of the rib cage of CAGS 20-7-004. 


27) to be about 95°, similar to that of CAGS 
20-8-001. The coracoid is completely fused 
to the scapula. Morphological details and 
ventral extent of the coracoids are hidden by 
matrix. Although neither coracoid is still ar- 
ticulated with the sternum, the medial inflec- 
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tion of the coracoid and the manner in which 
the left coracoid remains in contact with the 
sternum suggests the coracoid articulated to 
the anterior surface of the sternum (fig. 17A), 
as in Velociraptor mongoliensis (Norell and 
Makovicky, 1997). 

Both sternal plates are preserved in CAGS 
20-8-001 and are separate and unfused at 
their midline contact (fig. 17A). The sternum 
is shield-shaped, tapering posterior to the 
costal margin. Three widely spaced rib facets 
are clearly visible on the anterolateral edge 
of the right sternal plate (fig. 17B). These 
facets correspond to the three sternal ribs in 
close association with the plate, only one of 
which is actually articulated to the plate. At 
least one other facet is probably present on 
the plate: a fourth sternal rib, differentiable 
from the gastralia and thoracic ribs by its ex- 
panded, spoon-shaped distal end, lies just 
caudal to the posterior margin of the right 
sternal plate. Posterior to the costal margin, 
the sternum bears a short, laterally extending 
xiphoid process that is squared off at its dis- 
tal end (fig. 17B). A similar process is pres- 
ent in Confuciusornis (Chiappe et al., 1999), 
Velociraptor (Norell and Makovicky, 1997, 
1999), and oviraptorids (Clark et al., 1999). 

The furcula of CAGS 20-8-001 is boomer- 
ang-shaped, with no trace of a hypocleidium 
at its apex (fig. 19A). The angle between the 
two rami of the furcula is 91°. The two arms 


Fig. 15. Ribs of CAGS 20-7-004. (A) Cervical rib. (B) Pectoral rib. (C) Thoracic ribs. 
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Fig. 16. Left (A) and right (B) scapulocoracoids of CAGS 20-8-001 in oblique dorsomedial view. 


of the furcula broaden as they approach the 
point of fusion. The furcula is flattened dor- 
soventrally, although this may be influenced 
by preservation. 

Poorly preserved fragments of an ossified 
sternum are present in CAGS 20-7-004, with 
sternal ribs associated with the right sternal 
plate (fig. 18). The sternum is widest at its 
anterior margin and tapers posteriorly. There 
appear to be four sternal ribs, which confirms 
the number identified in CAGS 20-8-001. 
The first sternal rib is articulated with the 
sternal plate at its anterolateral corner. Three 
other sternal ribs are in close association with 
the plate. The four small, triangular rib at- 
tachment facets present on the lateral margin 
of the sternum match the number of sternal 
ribs. Immediately posterior to the costal mar- 


gin, the sternum is laterally expanded, but the 
sternal plate soon tapers again. The lateral 
expansion caudal to the rib attachment facets 
is probably the lateral xiphoid process seen 
in CAGS 20-8-001. 

The sharply bent furcula of CAGS 20-7- 
004 lacks the gently curved “‘boomerang”’ 
appearance of the furcula of CAGS 20-8-001 
(fig. 19B). The interclavicular angle of the 
furcula is 82°, compared to 91° for CAGS 20- 
8-001, but otherwise the morphology of the 
furcula is identical to that of CAGS 20-8- 
001. Makovicky and Currie (1998) reported 
a 12° difference in interclavicular angle be- 
tween two different specimens of Gorgosau- 
rus libratus, so the difference in interclavic- 
ular angles seen in the two Microraptor spec- 
imens may be normal intraspecific variation. 
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Fig.l 7. 
of right sternal plate. 


There is no hypocleidium present at the apex 
of the furcula, and the two arms of the fur- 
cula broaden as they approach the apex. The 
right ramus articulates with a very poorly 
preserved fragment of the shoulder girdle. 
The large knob of bone above the proximal 
end of the right ramus may be the acromion. 
Two long, isolated flat bones near the top of 
the slab may be the two scapular blades of 
CAGS 20-7-004. 


FORELIMB 


The right humerus of CAGS 20-8-001 is 
complete and preserved in lateral view with 
the right radius and ulna folded beneath it 
(fig. 20). The distal end of the left humerus 
is preserved in lateral view in articulation 
with the left radius and ulna. The humerus 
of the specimen is long, and the shaft is only 
slightly thicker than that of the ulna. The 
proximal end bears a prominent head and 


Sternum of CAGS 20-8-001. (A) Left and right sternal Hadi (B) Detail of lateral margin 


well-developed internal tuberosity. The inter- 
nal tuberosity is approximately half the 
length of the deltopectoral crest and has a 
rugose lateral margin. The deltopectoral crest 
is also large and well-developed, extending 
one-third the way down the humeral shaft. 
The deltopectoral crest is expanded laterally 
for most of its length, coming to a point a 
few millimeters from its distalmost extent, so 
that the proximal end of the humerus is qua- 
drangular in shape. The external (radial) con- 
dyle of the humerus is large and separated 
from the internal (ulnar) condyle by a deep 
groove extending several millimeters up the 
lateral surface of the shaft. The ectepicondyle 
appears to be present as a separate, narrow 
ridge paralleling the large radial condyle, but 
this may be a preservational artifact due to 
crushing. A small, round ligament pit is pre- 
sent on the lateral surface of the external 
condyle the humerus. From the impression 
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that remains of the distal left humerus of 
CAGS 20-7-004, it appears that the distal 
condyles were well-rounded. The humerus of 
Microraptor is very similar in overall ap- 
pearance to that of Deinonychus (Ostrom, 
1969, figs. 55, 56). 

The distal ends of the radius and ulna are 
not visible or present in either forelimb of 
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CAGS 20-8-001. Both radii and ulnae are 
preserved in lateral view. The radius and 
ulna are subequal in length to each other and 
to the humerus (fig. 20). The anteroposteri- 
orly bowed ulnar shaft is approximately 
twice as thick as that of the radius, and it is 
expanded at its proximal end. In lateral view, 
the proximal surface of the ulna is sharply 
angled, slanting from the tip of the olecranon 
process towards the radius (figs. 20, 21). The 
olecranon is large and appears to fit into the 
groove between the radial and ulnar condyles 
of the humerus. The anterolateral part of the 
proximal articular surface, which contacts 
the radius, is laterally everted. In proximal 
view, the articular surface of the ulna is prob- 
ably subtriangular, as in Velociraptor mon- 
goliensis (Norell and Makovicky, 1999) and 
Deinonychus antirrhopus (Ostrom, 1969). 
The distal end of the right ulna of CAGS 20- 
7-004, which is missing its proximal end, is 
preserved, but the morphology is unremark- 
able. The distal articulation of the ulna is 
convex. 

In CAGS 20-8-001, the articular ends of 
both radii are lost or buried under other el- 
ements (figs. 20, 21). Only the left radius is 
preserved in CAGS 20-7-004, and it has 
been split through the bone, so surface de- 
tails are not visible. All that can be said about 
the radii is that they are expanded proximal- 
ly. 

Elements of the manus are scattered 
around the trunk of CAGS 20-8-001; many 
elements are missing and identification of in- 
dividual phalanges and metacarpals is diffi- 
cult due to their disarticulated state. Two 





Fig. 19. 


Furculae of (A) CAGS 20-8-001 and (B) CAGS 20-7-004. 
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Fig. 21. Proximal portions of right radius and 
ulna of CAGS 20-8-001 in lateral view. 


manual unguals, those of the first and prob- 
ably second digits, are preserved along with 
their claw sheaths (fig. 22). The claw sheaths 
are extremely long and recurved; the sheath 
of the digit If ungual increases the length of 
the claw by almost 100%. The bony ungual 
of digit I is enormous, almost twice as long 
as that of digit Il. Both unguals are strongly 
recurved, even without the claw sheaths, and 
have very large flexor tubercles. 
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Fig. 20. Right humerus, radius, and ulna of 
CAGS 20-8-001 in lateral view. 
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Fig. 22. Manual unguals of CAGS 20-8-001. 
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Detail of wrist and metacarpals. 


Only the left hand is articulated in CAGS 
20-7-004, but preservation of both hands is 
poor (fig. 23). One carpal can be clearly seen 
in the wrist of the left hand, and it appears 
to be the semilunate carpal. The carpal is 
crescent-shaped, and it caps all of metacarpal 
I and part of metacarpal IH. An isolated carpal 
in the region of the right hand is probably 
the right semilunate carpal. It is grooved 
proximally and is similar in morphology to 
the semilunate carpal of Deinonychus antir- 
rhopus (Ostrom, 1969) and Archaeopteryx 
lithographica (Wellnhofer, 1974). It is im- 
possible to tell whether the thickened region 
at the proximal end of metacarpal I is another 
carpal or simply the expanded proximal end 
of the metacarpal. Metacarpal I is expanded 
proximally and is only slightly stouter than 
the other two metacarpals. The first metacar- 
pal is very short, as in other theropods, only 
about a third of the length of the long and 
slender metacarpal II. The distal ends of 
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Fig. 23. Articulated left manus of CAGS 20-7-004. (A) View of metacarpals and phalanges. (B) 


metacarpals II and II are missing, but they 
are probably subequal in length. 
Microraptor probably has a_ phalangeal 
formula of 2-3-4 as in most other theropods. 
The ungual of digit II is preserved in both 
hands of CAGS 20-7-004; all of the other 
manual unguals are missing. Phalanx I-1 is 
very long; it extends almost as far as the dis- 
tal articulations of metacarpals II and II. It 
is subequal in thickness to metacarpals I and 
Il. Digit II is the longest in the hand; the 
two phalanges are robust and elongated, with 
the penultimate phalanx slightly longer than 
phalanx IIJ-1. The digit II unguals have large 
flexor tubercles and are strongly recurved. 
The separations between the phalanges of the 
third digit are difficult to see, but it appears 
as if the first phalanx is the longest and the 
second the shortest. The third phalanx of dig- 
it HI is very slender, at midshaft only about 
half as thick as the preceding phalanx. Pha- 
lanx III-3 tapers distally from the wider prox- 
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Fig. 24. Left ilium of CAGS 20-8-001 in lateral view. 


imal articulation, which receives the equally 
wide distal trochlea of phalanx III-2. 


PELVIC GIRDLE 


In the holotype of Microraptor, only the 
ventral surface of the posterior iliac blades 
can be observed. In CAGS 20-8-001, both 
ilia are compressed so that their lateral sur- 
faces are exposed dorsally (figs. 9, 24). The 
ilium is low and slender. The ilium is doli- 
choiliac, with the preacetabular process 
slightly longer than the postacetabular pro- 
cess. The anterior of the preacetabular pro- 
cess is gently rounded, with only a slight an- 
teroventral hook, like the condition in Veloci- 
raptor (Norell and Makovicky, 1997, 1999). 
The antiliac shelf is reduced as in other dro- 
maeosaurids, and no distinct cuppedicus fos- 
Sa is apparent. Instead, a slight lateral ever- 
sion of the ventral iliac margin that over- 
hangs part of the pubic peduncle is present. 
The fossa beneath this lateral eversion is con- 
tinuous with the large flat pubic peduncle 
(the preacetabular apron). The pubic pedun- 
cle is much larger than the ischiadic pedun- 
cle, approximately four times longer antero- 
posteriorly. The ventral margin of the pubic 
peduncle slopes posteroventrally. The dorsal 
rim of the acetabulum does not significantly 
overhang the head of the femur. The lateral 
surface of the ilium dorsal to the acetabulum 
is dorsoventrally concave. A vertical ridge 
dividing the anterior and posterior portions 


of the ilium, as seen in some Velociraptor 
specimens (IGM 100-1982; see Norell and 
Makovicky, 1999) and many other theropods 
(Hutchinson, 2001), is not present. 

In lateral view, the ischiadic peduncle is a 
weakly developed rounded protuberance 
with a small antitrochanter. The postaceta- 
bular wing of the ilium is dorsoventrally 
shorter than the preacetabular wing, which 
gives it a more slender appearance. The pos- 
tacetabular process tapers posteriorly to a 
rounded point and hooks posteroventrally at 
its posterior end; its posterodorsal corner is 
sharply angled. The posteroventral tip of the 
postacetabular wing descends further ven- 
trally than either peduncle. The lateral sur- 
face of the postacetabular process is concave. 
The preacetabular wings of the ilia are in 
contact with the neural spines of the first two 
sacrals, but this is probably due to the post- 
mortem dorsomedial shifting of the ilia. The 
postacetabular alae of the ilia diverge later- 
ally, as in other dromaeosaurids (Norell and 
Makovicky, 1997). 

The articulated pubes are preserved in 
posterior view and, unlike the holotype, 
CAGS 20-8-001 preserves the pubes’ distal 
extremities (fig. 25). In areas of overlap, the 
pubes in CAGS 20-8-001 closely approxi- 
mate conditions observed in IVPP V12330. 
The proximal articulation has a broad sub- 
rectangular dorsal surface that slants poster- 
oventrally. The slanting surface would artic- 
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Fig. 25. Articulated pubes of CAGS 20-8-001. (A) Pubic elements preserved on the slab, posterior 
view. (B) Distal symphysis preserved on the counterslab, anterior view. 


ulate well with the posteroventrally sloping 
pubic peduncle on the ilium to project the 
pubes distally to form the opisthopubic con- 
dition typical of dromaeosaurids. The pubic 
shaft is anteroposteriorly flattened. A wide 
pubic canal, typical of advanced manirapto- 
rans (Norell and Makovicky, 1997), is pre- 
sent. Halfway down the length of the shaft, 
the medial edge begins to thin and extend 


medially, joining the opposing pubis to form 
the pubic apron. Just proximal to the pubic 
apron the lateral edge of the shaft also ex- 
pands into a small tubercle like that in Si- 
nornithosaurus (Xu et al., 1999). Each half 
of the apron curves posteriorly at its proxi- 
mal end, so that at the midline the halves 
meet at a posteriorly directed contact, as in 
Velociraptor (Norell and Makovicky, 1997) 
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Fig. 26. Right ischium of CAGS 20-8-001 in 
lateral view. 


and Unenlagia (Novas and Puerta, 1997). 
The apron becomes flatter distally and ends 
in a flattened symphysis that is crushed so 
that the right lateral surface is exposed. On 
the counterslab, a small pubic boot with no 
anterior expansion is observed (fig. 25B). 
Both ischia are preserved, the right in lat- 
eral view and the left in medial view, al- 
though much of the left ischium is obscured 
by overlying elements (fig. 26). They are 
identical to the ischia of the holotype. The 
ischia are short, approximately half the 
length of the pubes, as in the type specimen 
and other dromaeosaurs. Like in Archaeop- 
teryx and most other maniraptorans, the is- 
chia were apparently distally unfused. The 
proximal end of the ischium is expanded an- 
teroposteriorly. The pubic process is substan- 
tially longer than the iliac process, but since 
the iliac process does not extend significantly 
from the ischiadic shaft, the proximal end of 
the ischium is more L- than T-shaped in lat- 
eral view. The iliac and pubic processes are 
separated by a short concave area that is the 
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ischiadic contribution to the acetabulum. As 
in the holotype, Sinornithosaurus (Xu et al., 
1999), Archaeopteryx (Wellnhofer, 1974), 
Rahonavis (Forster et al., 1998), Unenlagia 
(Novas and Puerta, 1997), and Sinovenator 
(Xu et al., 2002), a small triangular posterior 
process is present on the posterior edge of 
the ischium, the apex of which is located ap- 
proximately two-thirds down the shaft. A 
large obturator process is confluent with the 
distal margin of the ischium, causing the dis- 
tal end to be L-shaped in lateral view as well. 
It is likely that the long obturator process 
contacts the pubis. The ischium is flat and 
platelike, and the shaft curves slightly ante- 
riorly in lateral view. 

The pelvis is badly crushed and poorly 
preserved in CAGS 20-7-004. As a result, it 
yields no morphological information. The is- 
chia and pubes, though in slightly better con- 
dition, are incomplete and yield no additional 
information. 


HINDLIMB 


IVPP V 12330 preserves only the fragmen- 
tary proximal ends of the right and left fem- 
ora, which are exposed medially. In CAGS 
20-8-001 the left femur is preserved in artic- 
ulation with the pelvis in its entirety, while 
the right femur is preserved a few millime- 
ters from the pelvis with its distalmost end 
missing. The proximal two-thirds of the left 
femur are located on one slab in lateral view, 
while the distal end is on another slab in me- 
dial view (fig. 27A, C). 

The greater trochanter of the femur is 
broad and separated from the cylindrical 
lesser trochanter by a distinct groove, more 
like the condition in Archaeopteryx than that 
in Velociraptor (Norell and Makovicky, 
1999). The dorsal margin of the lesser tro- 
chanter is approximately 2 mm below that of 
the greater trochanter. A small accessory 
crest is present at the base of the lesser tro- 
chanter, forming a sharp lateral corner at the 
base of the lesser trochanter, as noted in 
IVPP V12330 by Xu et al. (2000). The ru- 
gose posterolateral region of the femur just 
below the dorsal surface of the greater tro- 
chanter is probably the posterior trochanter. 
The lateral ridge (sensu Norell and Makov- 
icky, 1999) is present as a large rugose bump 
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Fig. 27. Femur of Microraptor. (A) Proximal end of right femur of CAGS 20-8-001 in lateral view. 
(B) Proximal end of left femur of CAGS 20-7-004 in anterior view. (C) Distal end of left femur of 


CAGS 20-8-001 in medial view. 


on the lateral surface of the femur a few mil- 
limeters below the apex of the greater tro- 
chanter. The lateral ridge does not lead into 
a longer ridge ventrally as in Velociraptor 
(Norell and Makovicky, 1999). Proximal to 
the lateral ridge, the entire lateral surface of 


the femur, including that of the lesser tro- 
chanter, is concave and moderately rugose. A 
transverse rugose ridge separates this con- 
cave area from the smooth cortical bone of 
the rest of the shaft. The femoral shaft is an- 
teroposteriorly bowed as in the holotype and 
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Fig. 28. 
Detail of proximal tibia and fibula. Scale bar = 2 mm. (C) Detail of astragalus and calcaneum. Scale 
bar = 2 mm 


most other maniraptorans. Only the medial 
condyle is visible in this specimen. It is not 
anteroposteriorly expanded to a great extent, 
so that in medial view it is oval in shape 
rather than round and does not extend pos- 
teriorly beyond the shaft. 

The left femur of CAGS 20-7-004 is pre- 
served within the slab with its anterior sur- 
face visible, while the right femur is twisted 
in the slab so that the posterior surface is 
visible proximally and the posteromedial sur- 
face is visible distally. The femur head has a 
distinct ventral lip and is continuous with the 
greater trochanter on the dorsal surface (fig. 
27B). The medial condyle of the right femur 
is well rounded but does not protrude beyond 
the shaft posteriorly, like the medial condyle 
of CAGS 20-8-001. The medial condyle of 
the left femur is missing, but its impression 
remains, indicating that the lateral condyle 
was the larger of the two. Both condyles are 
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Left tibiotarsus and fibula of CAGS 20-8-001. (A) Anterior view. Scale bar = 1 cm. (B) 


large and expanded beyond the lateral and 
medial margins of the femoral shaft. 

The left tibiotarsus and fibula are excel- 
lently preserved in anterior view in CAGS 
20-8-001 (fig. 28). The tibia is long and 
straight, approximately 128% longer than the 
femur, as noted by Xu et al. (2000) in the 
holotype. Proximally, the tibia is expanded 
(fig. 28B). The proximal tibia bears a well- 
developed single cnemial crest that has a pit- 
ted and rugose anterior surface. The cnemial 
crest extends a short distance onto the tibial 
shaft. The short, proximally placed fibular 
crest rises slightly from the tibial shaft. 

The proximal fibula is concave medially, 
with no deep medial fossa (fig. 28B). The 
iliofibularis tubercle is prominent on the lat- 
eral surface of the fibula. The midpoint of 
the fibular crest of the tibia is level with the 
iliofibularis tubercle. The fibular shaft above 
and below the iliofibularis tubercle is medio- 
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laterally expanded so that it is the widest part 
of the fibula. Distal to the iliofibularis tuber- 
cle, the fibular shaft rapidly thins to a sub- 
millimeter-wide splint that is tightly ap- 
pressed to the tibia. The distal end of the 
fibula contacts the calcaneum. 

The astragalus is fused to the calcaneum, 
and both are fused to the tibia (fig. 28C). The 
ascending process of the astragalus is paper- 
thin and covers most of the anterior surface 
of the distal tibia. The ascending process ta- 
pers slightly at its proximal end, and its apex 
is positioned laterally on the anterior surface 
of the tibia, not centered. Laterally, the as- 
cending process contacts the fibula. A faint 
line is present between the astragalus and the 
calcaneum, and may be the suture between 
these bones. Part of the distal extremity of 
the lateral condyle of the astragalus is cov- 
ered by the metatarsals, but it appears the 
medial condyle is larger than the lateral one. 
The two well-developed condyles are sepa- 
rated by a shallow sulcus but are confluent 
with each other. A deep groove separates the 
condyles from the ascending process proxi- 
mally, as in all coelurosaurs. 

The tibiotarsi and fibulae of CAGS 20-7- 
004 provide no additional information about 
these elements; the tibia of this specimen is 
126% longer than the femur, comparable to 
the ratio of 128% seen in IVPP V12330 and 
CAGS 20-8-001. 

The distal tarsals and proximal metatarsals 
are preserved only for the left foot of CAGS 
20-8-001 (fig. 29A). The flat, platelike distal 
tarsals are fused to the metatarsals; only the 
medial tarsal is visible in this specimen. A 
faint suture can be seen between the medial 
distal tarsal and metatarsal II. Fusion to 
metatarsal II is strongest at the anterior mar- 
gin, where there is no trace of the separation 
between the two elements. This is different 
from the condition in Velociraptor, in which 
the distal tarsals cap metatarsals HI and IV, 
fail to reach the anterior margins of the meta- 
tarsals, and are most strongly fused to the 
posterolateral edges of metatarsals II] and IV 
(Norell and Makovicky, 1999). The distal 
tarsal overhangs the posterior margin of 
metatarsal II by a substantial distance, as in 
Velociraptor (Norell and Makovicky, 1999). 
The proximal surface of the distal tarsal is 
more or less horizontal, but the distal surface 
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slopes posteroventrally so that the posterior 
margin of the tarsal is thicker than the ante- 
rior. The fourth metatarsal also appears to be 
fused to the distal tarsals. 

In CAGS 20-8-001, the left pes is oriented 
in oblique posteromedial view in such a way 
that the proximal end of the third metatarsal 
is hidden between the second and fourth 
metatarsals (fig. 29A). Only the left pes is 
preserved in CAGS 20-7-004, as the slab 
ends abruptly at the distal end of the right 
tibiotarsus. Some crushing of the metatarsals 
is present, and there is a transverse break ap- 
proximately one-third of the way down the 
metatarsus that cuts through all four of the 
visible metatarsals (fig. 29B). However, 
metatarsals IH through V are visible in ante- 
rior view, which provides additional infor- 
mation about the metatarsus. The metatarsals 
are long and slender. The third metatarsal is 
the longest, the second the shortest, and the 
fourth is slightly shorter than the third. Meta- 
tarsal II is slender and laterally compressed, 
and metatarsal IV is the stoutest of the meta- 
tarsal elements, as in troodontids (Osm6olska 
and Barsbold, 1990). The proximal end of 
metatarsal II is slightly expanded, with a 
small anterior lip. The distal articulatory sur- 
face of metatarsal II is ginglymoid. Xu et al. 
(2000) described the feet of [VPP V12330 as 
having a proximally compressed metatarsal 
III that contributes to the ankle joint, a “‘par- 
tially arctometatarsalian’’ condition similar 
to the one described for Sinornithosaurus 
(Xu et al., 1999). The arctometatarsalian na- 
ture of the pes cannot be verified by either 
specimen, as the proximal end of the meta- 
tarsal III is hidden in CAGS 20-8-001, and 
in CAGS 20-7-004 metatarsals HI and IV are 
severely crushed. The distal articulation of 
the third metatarsal is ginglymoid, although 
not as obviously as that of metatarsal II]. The 
fourth metatarsal has a posteriorly directed 
flange positioned at midshaft. The proximal 
end is expanded laterally. The distal articu- 
lation of metatarsal IV is overlapped by other 
elements in CAGS 20-8-001 and split along 
the center in CAGS 20-7-004, so its mor- 
phology cannot be determined. The fifth 
metatarsal is a long, thin splint that is in con- 
tact with the fourth metatarsal proximally for 
approximately one-third of its length. Distal 
to the area of contact with metatarsal IV, 
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Fig. 29. Tarsals and metatarsals of Microraptor. (A) Left distal tarsals and metatarsals of CAGS 
20-8-001 in oblique posteromedial view. (B) Left metatarsals of CAGS 20-7-004 in anterior view. 


metatarsal V bows posteriorly, coming into 
contact again with metatarsal IV at its distal 
end. The shaft of metatarsal V is expanded 
at its bowed region. A slender metatarsal I is 


positioned on the posterior surface of meta- 
tarsal I (fig. 30). Because the specimen is not 
preserved three-dimensionally, it is impossi- 
ble to determine whether or not digit I is re- 
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Fig. 30. Pedal phalanges of CAGS 20-8-001. (A) Right and (B) left feet in oblique posteromedal 
view. 


versed due to compression of the specimen I reaches only to the midpoint of phalanx H- 
(Middleton, 1999). Metatarsal I is placed 1. The proximal end of metatarsal I is hidden 
very close to the proximal end of metatarsal behind metatarsal Il but appears to attenuate 
II, so that the distal tip of the ungual of digit —_to a point, as in other dromaeosaurids. 
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All of the phalanges in the right foot in 
CAGS 20-8-001 are well preserved (fig. 
30A). The first digit is short and slender, with 
an ungual that is far smaller than any of the 
other digits. The second digit displays all of 
the typical dromaeosaurid characters. Pha- 
lanx II-1 is very wide and robust in compar- 
ison to the phalanges in the other digits. Its 
distal articulation bears a_ well-developed 
ginglymus, with a very deep groove separat- 
ing the two condyles. This groove extends 
onto the anterior surface of phalanx I-1. 
Phalanx IIJ-2 has a prominent ventral heel at 
the base of its proximal articulation. The dis- 
tal condyles are tall, and the ligament pit on 
the medial surface is placed dorsally. The un- 
gual is characteristically hypertrophied and 
recurved strongly. A large flexor tubercle is 
positioned ventral to the deep articular facet. 
The third and fourth digits are similar in ap- 
pearance: both are long and slender. Includ- 
ing the unguals, digits II and IV contain four 
and five phalanges, respectively. Phalanx II- 
1 is the longest phalanx in the pes, while 
phalanges III-2 and III-3 are subequal in 
length. The phalanges in digit IV decrease in 
length distally. The unguals of digits III and 
IV are identical in morphology, with ungual 
III-4 only slightly larger than IV-5. Unguals 
IH-4 and IV-5 are similar in morphology to 
II-3, with large flexor tubercles and high de- 
grees of curvature. The only difference is 
that their articular facets are not as deep as 
that of the second ungual. What can be ob- 
served on the fragmentary remains of the 
foot in CAGS 20-7-001 confirms the mor- 
phology seen in CAGS 20-8-004. 


DISCUSSION 
ANATOMICAL FEATURES 


Xu et al. (2000) noted several avian affin- 
ities of Microraptor in their original descrip- 
tion: waisted teeth with loss of serrations, a 
platelike ischium with a posterior process 
and distal obturator process, enlarged sacrals, 
and a reduced number of caudal vertebrae. 
The discovery of CAGS 20-7-004 and 
CAGS 20-8-001 allows us to add several 
more similarities to the list: a sharply bent 
scapulocoracoid, a laterally facing glenoid, a 
humerus longer than the scapula, a sternum 
that articulates with the coracoid anteriorly, 
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free uncinate processes, and a reduced anti- 
liac shelf. The new specimens of Microrap- 
tor also confirm some of the troodontid af- 
finities noted by Xu et al. (2000), such as 
waisted posterior teeth with serrations only 
on the posterior carinae, a robust fourth 
metatarsal, and a laterally compressed second 
metatarsal. Microraptor is especially similar 
in morphology to Sinovenator (Xu et al., 
2002), the most basal known troodontid. 
Both animals have completely unserrated an- 
terior maxillary and dentary teeth (Xu et al., 
2000), teeth that are slightly inset medially, 
denticles of the same relative size, no pneu- 
matic foramina on the dorsal centra, L- 
shaped scapulocoracoids with laterally facing 
glenoids, opisthopubic pelves, ischia with 
distally positioned obturator and posterior 
processes, and partially arctometatarsalian 
feet. This study (see below) corroborates the 
finding of Xu et al. (2000) that Microraptor 
is the most basal dromaeosaurid known, so 
the large number of similarities between Mi- 
croraptor and Sinovenator is not surprising. 
These two taxa, the basalmost of their re- 
spective clades, are probably very close to 
the basal deinonychosaur split and thus retain 
many primitive ancestral characters. 

In comparison with other dromaeosaurids, 
the presacral vertebrae of Microraptor are 
very unusual. Carotid processes have not 
previously been found on other dromaeo- 
saurid cervical vertebrae (Norell and Makov- 
icky, in press), but they are clearly visible in 
CAGS 20-7-004. The elongated centra of the 
dorsals are more similar to those of Archae- 
opteryx and Rahonavis than to the blocky 
centra of other dromaeosaurids. The lack of 
pneumatic foramina in the dorsal vertebrae 
of Microraptor is also unusual for dromaeo- 
saurids. 

Most tetanuran theropods have pneumatic 
foramina on the centra of the axis, cervicals, 
and anteriormost dorsals; some tetanurans, 
including dromaeosaurids, have pneumatic 
openings on all presacral (postatlantal) ver- 
tebrae (Britt et al., 1998). The cervical ver- 
tebra preserved in CAGS 20-7-004 appears 
to be pneumatized, but the anterior dorsals of 
both specimens are not in the correct orien- 
tation to determine whether or not the anter- 
iormost thoracic vertebrae are pneumatic as 
well. We can assume that Microraptor pos- 
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sesses only pneumatic cervicals and that the 
anterior thoracic vertebrae like the primitive 
tetanuran condition. The distribution of 
pneumatic trunk vertebrae in the basal Avi- 
alae-Deinonychosauria clade is complex. 
Other dromaeosaurids, such as Velociraptor, 
Deinonychus, Saurornitholestes, and Unen- 
lagia (Norell and Makovicky, 1999), have 
large pneumatic foramina on all their dorsal 
centra. Like Microraptor, most troodontids, 
which are emerging in our recent phyloge- 
netic analyses as sister taxa to Dromaeosaur- 
idae (this study; Xu et al., 2002), and Ar- 
chaeopteryx (Britt et al., 1998) display the 
primitive tetanuran pattern of vertebral pneu- 
maticity. However, Confuciusornis (Chiappe 
et al., 1999) and Rahonavis (Forster et al., 
1998), both basal avialans, have pneumatic 
thoracic vertebrae. Archaeopteryx, Microrap- 
tor, and Sinovenator, which all lie close to 
the basal paravian divergence, may retain the 
apneumatic thoracic vertebrae of their com- 
mon ancestor while later members of their 
respective clades evolved pneumatic dorsal 
centra. 

The distribution of uncinate processes 
within the Theropoda has been indetermi- 
nate, because they are fragile elements that 
are often not preserved. As mentioned pre- 
viously, within the Dromaeosauridae, unci- 
nate processes have been definitively found 
in Velociraptor mongoliensis and NGMC 91. 
A ventral rib of Deinonychus (Ostrom, 1969: 
fig. 52A) was considered by Paul (1988) to 
be an uncinate process, but because this 
specimen is no longer articulated, this rein- 
terpretation is uncertain. The only other non- 
avian theropod group in which uncinate pro- 
cesses have been found is Oviraptoridae. Un- 
cinate processes are present in multiple spec- 
imens of at least two species: Citipati 
osmolskae (IGM 100/979, Clark et al., 1999; 
and IGM _ 100/1004, personal obs.) and 
Khaan mckennai (IGM. 100/1127 and IGM 
100/1002, Clark et al., 2001). The basal avi- 
alan Confuciusornis also has free uncinate 
processes like those seen in non-avian the- 
ropods (Chiappe et al., 1999). However, un- 
cinates are unknown in Archaeopteryx. 

The increasing number of non-avian the- 
ropod and Confuciusornis specimens found 
with uncinate processes support Chiappe et 
al.’s (1999) hypothesis that the absence of 
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uncinate processes in other basal avialans is 
due to preservational factors or ontogenetic 
development and that ossification of these 
processes is primitive for Avialae, perhaps 
even for higher maniraptorans. 

Comparison of Microraptor to Bambirap- 
tor feinbergi (Burnham et al., 2000) is to be 
expected, since Bambiraptor is among the 
smallest of the dromaeosaurids and has been 
described as being very birdlike. Bambirap- 
tor was not included in our phylogenetic 
analysis because only a preliminary descrip- 
tion of the specimen has been published; 
likewise, a comparison of Bambiraptor and 
Microraptor will be postponed until further 
information on Bambiraptor is made avail- 
able. 


PHYLOGENETIC ANALYSIS 


To evaluate the systematic position of Mi- 
croraptor we scored it for characters based 
on the Theropod Working Group Matrix 
(see appendix 2). The matrix contains 208 
characters, 13 of which are ordered. Two 
kinds of analyses were done. The first anal- 
ysis (fig. 31) used composite coding for Mi- 
croraptor based on the three available spec- 
imens (IVPP V12330, CAGS 20-8-001, 
CAGS 20-7-004). The second included all 
three Microraptor specimens, each one cod- 
ed individually. All of Xu et al.’s (2000) cod- 
ings were accepted for the holotype speci- 
men, except those for characters 83 and 145. 
Upon inspection of the holotype, we decided 
that Xu et al.’s (2000) codings could not be 
verified and that the state of the two char- 
acters could not be determined from the 
available material. 

All phylogenetic analyses were performed 
in NONA ver. 1.9 (Goloboff, 1993) through 
the WinClada ver. 0.9.99b (Nixon, 1999) in- 
terface. For both the first and second analy- 
ses, a heuristic search implementing 1000 
replicates of the Tree Bisection and Regraft- 
ing (TBR) algorithm was performed. The 10 
shortest trees from each replicate were re- 
tained, and then additional TBR branch- 
swapping was performed among the shortest 


> This matrix is matrix 2002.2 of the Theropod Work- 
ing Group. This matrix, character descriptions, and ex- 
planation are available at  http://research.amnh.org/ 
vertpaleo/norell.html 
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of the retained trees. Allosaurus fragilis and 
Sinraptor dongi were chosen as outgroups, 
and all branches with a minimum length of 
zero were collapsed. 

The first analysis, using composite coding 
for Microraptor, recovered 240 equally most 
parsimonious trees of 600 steps; 457 of the 
1000 replicates (45.7%) recovered trees of 
600 steps, indicating a fairly good recovery 
of the shortest trees. The second analysis, 
with each of the three Microraptor speci- 
mens coded individually, produced almost 
identical results. The second search found 
240 equally most parsimonious trees of 600 
steps; 380 of the 1000 replicates (38.0%) 
found trees of 600 steps. Strict consensus of 
the most parsimonious trees from each anal- 
ysis yielded trees of identical topology, ex- 
cept that in the second analysis the three Mi- 
croraptor specimens formed a monophyletic 
group as the sister taxon to other dromaeo- 
saurids. The strict consensus tree of 600 
steps from the first (composite) analysis (fig. 
31), which has a CI of 0.43 and an RI of 
0.71, is the one that will be discussed below. 

Our results corroborate the general hy- 
potheses of theropod relationships proposed 
by Gauthier (1986) in that a monophyletic 
Deinonychosauria composed of monpohylet- 
ic troodontid and dromaeosaurid groups 
forms the sister group to Avialae. The Dei- 
nonychosauria clade is suppported by several 
characters, including a reduced or absent 
pterygoid flange, a splenial that is widely ex- 
posed on the lateral surface of the mandible, 
and a distinct groove or ridge near the lateral 
edge along the distal end of the deltopectoral 
crest. This node has a Bremmer support of 
1. This result is also congruent with that of 
Xu et al. (2000), in that Microraptor is the 
most basal dromaeosaurid. 

Other parts of this phylogeny are, for the 
most part, congruent with recent phylogenet- 
ic analyses (Norell et al., 2001; Xu et al., 
2002). The tree is identical to that obtained 
in Norell et al. (2001) except for the place- 
ment of the Avialae, Dromaeosauridae, and 
Troodontidae clades. This result is slightly 
more resolved than the one yielded by Xu et 
al. (2002), especially in the case of ovirap- 
torosaurs. The inclusion of Microraptor in 
the Theropod Working Group Matrix causes 
the asymmetrical foot (character 208) to be 
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lost as a troodontid synapomorphy, since Mi- 
croraptor, like troodontids, has a slender 
metatarsal II and a robust metatarsal IV. 

This phylogeny has important implications 
for avialan origins. Because both Sinovena- 
tor and Microraptor, the most basal taxa of 
their respective clades (in addition the dro- 
maeosaurid Sinornithosaurus), are small an- 
imals, small size optimizes as primitive for 
the Deinonychosauria, as suggested by Xu et 
al. (2002). Looking at Archaeopteryx, small 
size 1s obviously also primitive for Avialae. 
While we do not view this as support for any 
model of flight origin G.e., trees down vs. 
ground up), it does nullify complaints such 
as that of Feduccia and Wild, who stated that 
“even the most birdlike theropods were rel- 
atively large, have shortened forelimbs, were 
terrestrial cursors, and never ventured up 
trees’? (Feduccia and Wild, 1993: 565-566). 

The discovery of Microraptor and other 
Jehol theropods has had important implica- 
tions for understanding coelurosaur phylog- 
eny and the evolution of Avialae. Certainly 
the discovery and description of other new 
specimens will shed even more light on these 
questions. 


CONCLUSIONS 


1. The position of Microraptor as the sister 
taxon to other dromaeosaurs is corrobo- 
rated. 

2. A monophyletic Deinonychosauria that is 
the sister taxon to Avialae is corroborated. 

3. Small size is primitive at the node of Dei- 
nonychosauria + Avialae (Paraves). 

4. Including Microraptor in the Theropod 
Working Group Matrix results in the loss 
of a pes with a slender, laterally com- 
pressed metatarsal II and a robust meta- 
tarsal IV as a troodontid apomorphy. 
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Fig. 31. Strict consensus of 240 most parsimonious trees from analysis using composite coding for 
Microraptor. Tree length = 600 steps, CI = 0.43, RI = 0.71. 
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APPENDIX 1 
MEASUREMENTS OF MiCRORAPTOR ZHAOIANUS (IN MILLIMETERS) 
CAGS 20-7-004 
Right Left 
SKULL 
Dentary 
Anteroposterior length 33.36 25.10 
Rostral dorsoventral height 7.18 X 
Caudal dorsoventral height 3.61 3.50 
Tooth row length 24.88* x 
Maximum length Maximum height © Maximum width across Height of Length of 
of centrum of centrum transverse processes neural spine neural spine 
CAGS CAGS CAGS CAGS CAGS CAGS CAGS CAGS CAGS CAGS 
20-7-004 20-8-001 20-7-004 20-8-001 20-7-004 20-8-001 20-7-004 20-8-001 20-7-004 20-8-001 
VERTEBRAE 
Cervicals 
8(?) x 3.51 X 6.42 
9(?) 6.07 4.18 9.89 6.59 
Dorsals 
| 5.97 x X x Ss) X X X 
2 X x 5.68 X x 4.24 X X 
3 7.40 X x 11.09 X 3.54 Xx 4.25 
4 6.54 >4.32 X 3.52* 8.12 X X x >4.11 
5 7.10 6.38 X 3.83 7.74 X X Xx x 
6 5.39 6.34 X 4.10 9.13 x 3.65 x 4.3] 
7 5.18 6.40 x 4.19 9.80 x 3.52 Xx 4.79 
8 6.14 6.42 4.32 4.00 x 3.34 3.84 5.01 4.52 
9 5.76 6.45 4.52 3.97 X 3.20 3.83 4.19 >3.97 
10 5.97 6.34 4.33 3.98 x 3.60 >3.45 4.44 4.28 
I 6.08 6.32 3.86 4.16 X 3.30 3.99 3.88 4.28* 
12 6.10 6.24 4.08 4.17 X 3.48 3.76 4.07 4.21 
13 6.12 6.12 3.58 3.96 x X 3.47* x 4.01* 
Sacrals 
5(?) 5.28 11.74* 
6(?) 4.9] 15.10* 
Caudals 
l 6.19 4.25 11.47 10.58* 
Zz 7.52 5.28 10.54 14.14* 
3 8.58 5.63 x 12.39 
4 13.12 6.16 X 10.64* 
5 16.54 7.42 X 11.98* 
6 19.42 10.32 X 8.52* 
7 18.49 14.70 X X 
8 17.90 18.47 X X 
9 17.16 18.91 X X 
10 17.24 18.45 X X 
1 16.82 18.80 X X 
12 17.30 = =>17.51 X X 
13 17.17 >10.71 x X 
14 16.38 17.64 X X 
15 15.94 18.08 X X 
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Maximum length 
of centrum 





CAGS CAGS 
20-7-004 20-8-001 


Maximum width across 
transverse processes 


CAGS CAGS 
20-7-004  20-8-001 























16 16.36 16.96 x x 

17 15.48 17.08 x Xx 

18 14.06 16.74 x x 

19 13.79 16.90 x x 

20 12.55 16.06* x x 

21 11.22 15.82 x x 

22 10.64 15.67* x x 

23 9.03 14.00* x X 

24 7.44 11.49 x x 

25 7.62 10.66* x x 

26 5.58 9.46 X x 

CAGS 20-7-004 CAGS 20-8-001 
Right Left Right Left 

PECTORAL GIRDLE 
Scapula 

Anteroposterior length >27.07 43.01 
Coracoid 

Length of dorsal margin >13.56 16.04 
Sternum 

Anteroposterior length 38.39 a7 a9" 

Minimum mediolateral width 11.98 11.48 

Mediolateral width across 

xiphoid process 14.00 13.93 

FORELIMB 
Humerus 

Length (proximodistal) 62.06 61.25 62.88 >46.05 

Maximum width across 

deltopectoral crest 9.74 11.30 x 

Proximal anteroposterior depth 6.34 6.28 6.38 

Distal transverse width 8.73 X x X 

Distal anteroposterior depth x 5.96 7.46 6.21 

Least diameter of shaft 4.72 4.99 5.35 4.95 
Ulna 

Length (proximodistal) >51.64 53.78 53.50* >40.67 

Proximal anteroposterior depth x 5.20 6.99 6.35 

Distal anteroposterior depth 6.47 6.20 x Xx 

Least diameter of shaft 4.02 4.05 3.83 3.96 
Radius 

Length (proximodistal) Xx 48.01* x 48.30* 

Proximal anteroposterior depth Xx x x 4.28 

Distal anteroposterior depth x 3.49 x 4.34* 

Least diameter of shaft x aoe 2.37 2.18 

















36 AMERICAN MUSEUM NOVITATES NO. 3381 
APPENDIX 1 
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CAGS 20-7-004 CAGS 20-8-001 
Right Left Right Left 
MANUS 
METACARPALS 
Metacarpal I 
Length (proximodistal) 7.84 
Proximal transverse width 3.76 
Distal transverse width 2.92 
Metacarpal I] 
Length (proximodistal) >31.27 >27.26 
Proximal transverse width 3.09 3.00 
Metacarpal III 
Length (proximodistal) >29.79 >25.28 
Proximal transverse width 2.04 1.94 
PHALANGES 
I-1 
Length (proximodistal) X 20.45 
Proximal transverse width X 2.18 
Distal transverse width x 2.67 
1-2 
Length along outer curve Xx 14.40 
Height of facet x 2.69 
Height at flexor tubercle 5.38 
II-1 
Length (proximodistal) 13.26 x 
Proximal transverse width 3.54 X 
Distal transverse width 2437 3.20 
I]-2 
Length (proximodista!) 16.39 15.88 
Proximal transverse width 3.40 3.39 
Distal transverse width 2.31% 223" 
II-3 
Length along outer curve 10.26 9.49 10.27 
Height of facet 1.74 1.80* 1.86 
Height at flexor tubercle 4.06 3.88 4.09 
III-1 
Length (proximodistal) 10.12 
Proximal anteroposterior depth 1.93 
Distal anteroposterior depth 2.01 
I}I-2 
Length (proximodistal) 4.10 
Proximal anteroposterior depth 1.81 
Distal anteroposterior depth 1.63 
IIT-3 
Length (proximodistal) 10.37 10.06 
Proximal anteroposterior depth 1.88 1.69 
Distal anteroposterior depth 1.22 1.18 
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CAGS 20-7-004 CAGS 20-8-001 
Right Left Right Left 
PELVIC GIRDLE 
lium 
Length (proximodistal) X X 40.04 40.81 
Length anterior to acetabulum X Xx 16.64 17.47 
Length posterior to acetabulum x x 14.91 14.36 
Height above acetabulum X x 6.87 7A 
Pubis 
Length (proximodistal) 52.39* 52.73 52.77 x 
Transverse width of distal symphysis 4.62 5.92 
Maximum transverse width of 
pubic apron 6.74% 9.48* 
Ischium 
Length (proximodistal) onde 25.06 20.84 26.20 
Anteroposterior proximal length x x 10.68 10.02* 
Anteroposterior length across 
obturator process (distal 
anteroposterior length) 8.16 8.26* 10.78 10.95* 
Distance from apex of posterior 
process to iliac process 17.16* 16.60 17.12 17.32 
HINDLIMB 
Femur 
Length 74.75 74.26 74.77 74.40 
Proximal transverse width 8.46 8.92 x X 
Proximal anteroposterior depth X 7.96 7,75 
Distal transverse width 8.56 Xx 
Distal anteroposterior depth 7.92 x 4.94 
Least diameter of shaft 4.27 4.38 5.12 4.87 
Tibiotarsus 
Length >77.64 94.22 95.51* 94.14 
Maximum proximal transverse width 7.54 6.51 >5.98 9.46 
Maximum distal transverse width X 6.54 x 6.83 
Least diameter of shaft 5.60 5.40 4.42 5.38 
Length of ascending process of 
astragalus Xx x Xx 9.37 
Fibula 
Length >74.85 85.67* 87.2 
Proximal anteroposterior depth 2.20 2.10 2.58 
Distal anteroposterior depth X 0.43 0.42 
PES 
METATARSALS 
Metatarsal | 
Length X 8.09 
Distal anteroposterior depth x 0.98 
Metatarsal II 
Length x 44.51 x 45.89 
Proximal transverse width Xx 2.05 X x 
Proximal anteroposterior depth Xx X X 3.72 
Distal transverse width x 2.47 2.48 x 
Distal anteroposterior depth Xx X 2.69 2.78 
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APPENDIX 1 
(continued ) 
CAGS 20-7-004 CAGS 20-8-001 
Right Left Right Left 
Metatarsal II] 
Length x 47.76 Xx 49.39 
Proximal transverse width x 1.20? x x 
Distal transverse width X 2.29 2.40 3.15 
Distal anteroposterior depth X x 2.56 X 
Metatarsal I'V 
Length x 46.80 x 48.50* 
Proximal transverse width Xx 2.96? x x 
Proximal anteroposterior depth x x x >2.55 
Distal transverse width X 2.91 x x 
Metatarsal V 
Length X 22.03 Xx 23.98 
Proximal transverse width x 0.78 x x 
Proximal anteroposterior depth X Xx Xx 0.58 
Distal transverse width x 0.68 x x 
Distal anteroposterior depth X x x 0.91 
PHALANGES 
I-1 
Length X X 5.35 5.26 
Proximal transverse width X X X 2.20 
Proximal anteroposterior depth x x 1.46 
Distal anteroposterior depth Xx x 1.42 
[-2 
Length along outer curve X Xx 3.34 
Proximal anteroposterior height x X 1.79* 
Height of facet x x 1.46 
ll-1 
Length Xx 6.88 6.91 7.38 
Proximal transverse width X x 3.00 x 
Proximal anteroposterior depth x 2.36 2.37 3.23 
Distal transverse width X x 2.89 X 
Distal anteroposterior depth 2.44 2.42 2.38 2.75 
I]-2 
Length 6.77 7.24 7.59 X 
Proximal anteroposterior depth 2.64 2.80 4,33 4.05 
Distal anteroposterior depth 2.05 2.75 3.23 x 
11-3 
Length 12.88 13.24 16.04 15.20* 
Proximal anteroposterior height 4.12 4.47 5.27* 
Height of facet 2230 2.53 3.93 
III-1 
Length X 9.95 9.74 10.05 
Proximal transverse width x 2.10 2.4] 2.44 
Distal transverse width Xx 2.20 2.31 2.16 
Distal anteroposterior depth x x x 2.62 
III-2 
Length x 7.74 8.20 8.24* 
Proximal transverse width x 2.29 2.63 me 
Proximal anteroposterior depth X x X 2.59 
Distal transverse width x 1.64 2.29 x 
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CAGS 20-8-001 











Right Left Right 
III-3 
Length X 6.13 8.10 
Proximal transverse width X 1.58 X 
Proximal anteroposterior depth X x 2.84 
Distal transverse width X 1.54 X 
Distal anteroposterior depth Xx x 2.29 
IL-4 
Length along outer curve x 9.39 9.37 
Proximal anteroposterior height X 3.40 3.54 
Height of facet x 2.04 2.59 
IV-1 
Length x 7.30 8.39 
Proximal transverse width X 2.89 2.03* 
Proximal anteroposterior depth X x Xx 
Distal transverse width X 2.40* 2.18 
Distal anteroposterior depth x x x 
IV-2 
Length x 5.40 5.97 
Proximal transverse width X 2.06* 1.80 
Proximal anteroposterior depth x x x 
Distal transverse width Xx 2.42 1.89 
IV-3 
Length § 5.01 4.16 
Proximal transverse width x 2.11 1.75 
Distal transverse width 1.73 2.62 1.77 
IV-4 
Length 5.01 5.42 5.90 
Proximal anteroposterior depth 2.09 1.98 2.32 
Distal anteroposterior depth 1.73 212 2.03 
IV-5 
Length along outer curve 8.95 9.18 9.02 
Proximal anteroposterior height 2.86 2.96 3.60* 
Height of facet 1.85 1.68 2.07 





Measurements marked with an * are estimated values; x indicates that no measurement is available. 


Left 


7.88 


2.83 


2.26 


9.51 
3.71 
2.91 


8.14 


2.38" 


2.77 


Su72 


2.20* 


4.37* 


5.66 
2.01 
2.08 
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DATA MATRIX OF 208 CHARACTERS AND 46 TAXA USED TO PRODUCE THE TREE IN FIGURE 31 
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APPENDIX 2 
(continued ) 
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Allosaurus fragilis 

Ingenia yanshini 
Oviraptor mongoliensis 
Oviraptor philoceratops 
Conchoraptor gracilis 
IGM 100/42 

Chirostenotes pergracilis* 
Dromaeosaurus albertensis 
Deinonychus antirrhopus 
Velociraptor mongoliensis 
Mononykus olecranus 
Shuuvuia deserti 
Patagonykus puertai 
Alvarezsaurus calvoi 
Ornitholestes hermanni 
Microvenator celer 
Archeopteryx lithographica 
Avimimus portentosus 
Caudipteryx zoui 
Unenlagia comahuensis 
Confuciusornis sanctus 
Rahonavis ostromi 
Struthiomimus altus 
Gallimimus bullatus 
Garudimimus brevipes 
Pelecanimimus polyodon 
Harpymimus okladnikovi 
Troodon formosus 
Saurornithoides mongoliensis 
Byronosaurus jaffei 
Saurornithoides junior 
Sinornithoides youngt 
Segnosaurus galbinensis 
Erlikosaurus andrewsi 
Alxasaurus elesitaiensis 
Tyrannosaurus rex 
Albertosaurus libratus 
Sinraptor dongi 

Adasaurus mongoliensis 
Utahraptor ostrommaysorum 
Saurornitholestes langstoni 
Achillobator giganticus 
IGM 100/1015 
Sinornithosaurus milleni 
Sinovenator changii 
Microraptor zhaoianus 
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“Including Caenaganthus. 
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APPENDIX 3 


NO. 3381 


ANATOMICAL ABBREVIATIONS USED IN FIGURES 


astragalus 

ascending process of astragalus 
acromion 

accessory crest 

antiliac shelf 

bifurcation of anterior extension of 
chevron 

caudal vertebra 

calcaneum 

cervical vertebra 

cuppedicus fossa 

chevron 

chevron facet 

cnemial crest 

carotid process 

claw sheath 

dorsal vertebra 

deltapectoral crest 

dorsal rib 

dorsal tubercle of ilium 
anterior extension of chevrons 
epipophysis 

anterior extension of prezygapophyses 
furcula 

fibular crest 

fibula 

gastralia 

glenoid 

greater trochanter 

head of femur 

iliofibularis tubercle 

iliac process of ischium 
ischiadic peduncle 

internal tuberosity 

left coracoid 

lateral condyle 

ligament pit 

left pubis 

lateral ridge 

left radius 


Is 
Isc 
Isp 
It 

lu 
Ixp 
mc 
mco 
mt 


rsc 
rsp 
ru 
Sc 
sr 
srf 


ti 


tp 
tu 


last sacral vertebra 
left scapula 

left sternal plate 
lesser trochanter 
left ulna 

lateral xiphoid process 
metacarpal 

medial condyle 
metatarsal 

neural spine 

neural spine lamina 
olecranon process 
obturator process 
pubic apron 

pubic boot 

phalanx 

posterior process of ischium 
pneumatic foramen 
parapophysis 

pubic peduncle 
pubic process of ischium 
prezygapophysis 
postzygapophysis 
posterior trochanter 
right coracoid 

right femur 

right humerus 

right ilium 

right ischium 

right pubis 

right radius 

right scapula 

right sternal plate 
right ulna 
semilunate carpal 
sternal rib 

sternal rib attachment facet 
distal tarsal 

tibia 

transverse process 
tubercle 


